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Talin Is Essential for Integrin
Function in Drosophila
humans. In the fly, loss of integrins causes separation
of the two epithelial layers that form the wing. Integrin-
mediated adhesion involves three elements: ECM, integ-
Nicholas H. Brown,1,2,6 Stephen L. Gregory,1,2
Wayne L. Rickoll,3 Liselotte I. Fessler,4
Mary Prout,5 Robert A.H. White,2
rins, and cytoskeleton. Defects in any of these elementsand James W. Fristrom5
lead to failure of adhesion and separation of tissue1Wellcome Trust/Cancer Research UK Institute
layers.University of Cambridge
Given the strong tensile stresses placed on the integ-Cambridge, CB2 1QR
rin linkage, the short cytoplasmic tails of integrins seemUnited Kingdom
inadequate to connect to the cytoskeleton. The  sub-2 Department of Anatomy
unit of the integrin heterodimer makes this connection,University of Cambridge
in most cases, with a cytoplasmic domain of50 aminoCambridge, CB2 3DY
acids. Despite its small size, numerous proteins bindUnited Kingdom
directly to it (Liu et al., 2000). A key binding protein,3 Biology Department
talin, was the first to be identified (Horwitz et al., 1986).University of Puget Sound
Talin is enriched in focal adhesions: integrin-adhesiveTacoma, Washington 98416
structures found in cells spread on ECM (Burridge and4 Department of Molecular, Cell
Connell, 1983). Talin is a large polypeptide of greaterand Developmental Biology and
than 2500 amino acids, composed of an 50 kDaMolecular Biology Institute
N-terminal head and an 220 kDa C-terminal rod, andUniversity of California, Los Angeles
has several functional domains (Rees et al., 1990), twoLos Angeles, California 90095
of which are shared with other proteins that link mem-5 Division of Genetics and Development and
branes to the cytoskeleton. The head has a FERM do-Department of Molecular and Cellular Biology
main, shared with proteins such as moesin and band4.1University of California, Berkeley
(Chishti et al., 1998), which has binding sites for proteinsBerkeley, California 94750
and phosphoinositides (Pearson et al., 2000). Most of
the rod sequence consists of alanine-rich repeats (Mc-
Lachlan et al., 1994). At the C terminus there is anSummary
I/LWEQ domain (McCann and Craig, 1997) shared be-
tween talin and a protein involved in endocytosis: theWe show that the Drosophila gene rhea, isolated be-
yeast actin binding protein Sla2 and its vertebrate homo-cause its wing blister phenotype is typical of mutants
logs, Huntingtin-interacting protein 1 (Hip1) and Hip1-affecting integrin function, encodes talin. Embryos de-
related protein (Engqvist-Goldstein et al., 1999).ficient in talin have very similar phenotypes to integrin
Talin has sites in the head and rod that bind to integrin(PS) null embryos, including failure in germ band re-
cytoplasmic tails (Horwitz et al., 1986; Calderwood ettraction and muscle detachment. We demonstrate that
al., 1999; Patil et al., 1999; Yan et al., 2001). Talin recruit-talin is not required for the presence of integrins on
ment to clusters of integrins requires ligand occupancythe cell surface or their localization at muscle termini.
(Miyamoto et al., 1995). In C. elegans, talin recruitmentHowever, talin is required for formation of focal adhe-
to sites of integrin adhesion requires integrins (Mouldersion-like clusters of integrins on the basal surface of
et al., 1996). Talin has binding sites for a number of otherimaginal disc epithelia and junctional plaques between
proteins (Figure 1). Focal adhesion kinase, vinculin, andmuscle and tendon cells. These results indicate that
actin bind to talin in vitro, with several sites identified
talin is essential for integrin function and acts by stably
for these proteins (Hemmings et al., 1996; Borowsky
linking clusters of ECM-linked integrins to the cy- and Hynes, 1998; Bass et al., 1999). When calpain
toskeleton. cleaves talin into head and rod fragments, only the rod
interacts strongly with actin (Niggli et al., 1994). When
Introduction expressed in cells, the N-terminal actin binding region
associates weakly with stress fibers, while the C-ter-
Integrin-mediated adhesion between the cellular cy- minal domain localizes to focal adhesions (Hemmings
toskeleton and the extracellular matrix (ECM) is vital to et al., 1996). In vitro talin has diverse effects on actin,
tissue interactions. Integrin adhesion mediates stable including nucleating, shortening, and crosslinking actin
attachment between tissue layers, as shown by defects filaments (Goldmann et al., 1994, 1999). The transmem-
caused by integrin gene mutations (Brown et al., 2000; brane lectin layalin also interacts with the head, showing
Hogg and Bates, 2000; Sheppard, 2000). In flies and that talin interaction with membrane proteins is not lim-
mice, a key role for integrins in tissue adhesion is to ited to integrins (Borowsky and Hynes, 1998). Talin can
attach the ends of striated muscles to the ECM, as also interact directly with lipid membranes (Niggli et
shown by muscle detachment in the absence of integ- al., 1994). The numerous binding sites of talin make it
rins. Loss of integrins also leads to separation between difficult to pose models for the topology of talin in focal
epidermis and dermis, causing epidermolysis bullosa in adhesions, particularly because it forms antiparallel ho-
modimers (Isenberg and Goldmann, 1998). Cleaving
talin into head and tail fragments increases binding to6 Correspondence: nb117@mole.bio.cam.ac.uk
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Figure 1. Talin Is Conserved in Drosophila
(A) Map of talin gene and adjacent transcription units. Transcripts are shown above the line, with untranslated regions in black. The extent
of the deletion in the rhea79a allele and the position of the frameshifts in rhea1 and rhea2 are marked. Below the line are shown the 5 and 3
end sequences of ESTs (in gray if separate) of five of the clones identified by BDGP and the probes used for in situ analysis (black bars).
(B) A schematic Clustal W alignment of talin sequences from mouse, chicken, fly, and worm. Each amino acid is indicated by a line, colored
to show conservation: black, an identical amino acid in all four species; gray, two amino acids at that position; white, 3 or 4 amino acids at
that position. Different domains and the calpain cleavage site on talin are indicated (see Introduction for references). The positions of the
frameshifts in the two rhea alleles are indicated with arrows.
the integrin  subunit cytoplasmic tail, suggesting that, We have used a genetic strategy to identify proteins
required for integrin-mediated adhesion. Genetic screensin the intact molecule, the tail folds back and inhibits the
head, as has been seen in other FERM domain proteins were performed for mutations that, like integrins, cause
a failure in adhesion between the two layers of the wing,(Pearson et al., 2000; Yan et al., 2001).
Talin function has been studied by antibody inhibition resulting in a blister (Prout et al., 1997; Walsh and Brown,
1998). Homozygous lethal mutants were recovered byand genetic analysis. Anti-talin antibodies prevented
formation of focal adhesions (Nuckolls et al., 1992), and screening mosaic flies carrying clones of homozygous
mutant cells in the wing. Mutations in 32 different lociantisense inhibition reduced focal adhesion size and
the rate of integrin processing and transport to the cell were isolated (23 with multiple alleles) including the three
integrin loci. One novel locus was named rhea, aftersurface (Albiges-Rizo et al., 1995; Martel et al., 2000).
The slime mold Dictyostelium has two talin genes with the flightless bird. Here we show that the rhea locus
corresponds to the single Drosophila talin gene anddifferent functions. Talin A mutants developed normally
(Niewohner et al., 1997); talin B mutants did not develop characterize its expression and mutant phenotype. As
observed in other systems, talin colocalizes with integ-beyond the mound stage (Tsujioka et al., 1999). Talin A
mutants failed to adhere to nonspecific substrates and rins in an integrin-dependent manner. Generally, loss of
to phagocytose particles (Niewohner et al., 1997). Thus, talin closely mimics the loss of integrins, indicating that
talin A has a conserved function in substrate adhesion, talin is an obligatory component of integrin-mediated
although this may be mediated by receptors other than adhesion.
integrins. Knockout of talin in the mouse resulted in
only a partial knockout of function, most likely due to a
Resultssecond, recently identified talin gene (Monkley et al.,
2001). Undifferentiated talin1 knockout cells did not form
Identification of the Drosophila Talin Genefocal adhesions but, after differentiation, could form
We first identified Drosophila talin from Berkeley Dro-them (Priddle et al., 1998). Mouse embryos lacking talin1
sophila Genome Project cDNA sequences (Rubin et al.,appeared disorganized after gastrulation and were then
2000). Subsequently, we identified a set of exons in theresorbed, but this phenotype is milder than that of em-
genome sequence (Adams et al., 2000) that encodes abryos lacking 1 integrin (Monkley et al., 2000). Cells
protein homologous throughout its length with talin fromderived from these talin1 homozygous mutant embryos
other species (CG6831; Figure 1). The transcript poly-had reduced focal adhesions, which still stained for talin.
adenylation site was found from three independentThese results emphasize that a complete knockout of
ESTs, but the 5 end of the transcription unit has nottalin will be essential to fully understand its role in focal
been determined. A putative splice acceptor is foundadhesion formation. Genetics has so far supported a
upstream of the initiating ATG, suggesting one or morekey role for talin, but in neither Dictyostelium nor the
5 noncoding exons in the large area separating the talinmouse have the consequences of a complete absence
coding region from the next predicted gene upstream.of talin been shown. From the genome sequence of
An alignment of talin sequences from mouse, chicken,Drosophila (Adams et al., 2000), we know that there is
Drosophila, and C. elegans is shown schematically ina single talin gene, making the fly an excellent system
for analysis of talin function. Figure 1B. Strong conservation occurs in three areas.
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The N-terminal head has a large block that includes the
FERM domain, which has binding sites for integrins,
actin, and layalin. Within the rod is a second well-con-
served domain, containing one of the vinculin binding
sites. The third conserved domain overlaps the I/LWEQ
actin binding site. The Drosophila protein is longer than
the other talins in the alignment (the last 284 residues
of Drosophila talin are not shown). The extra sequence
is not similar to any other protein.
rhea Encodes Talin
Our data demonstrate that the genetic locus that en-
codes talin is rhea. The first two alleles, rhea1 and rhea2,
were isolated in the wing blister screen (Prout et al.,
1997). Two other alleles, rhea17 and rhea3, were isolated
as mutations that dominantly enhance weak integrin
mutations (see Experimental Procedures). The rhea1 and
rhea2 alleles were mapped to 66D5-6. By locally hopping
a P element in this region, which is not allelic to rhea,
l(3)S1760, we generated rhea79a. The P element in this
strain is inserted in the same position as l(3)S1760, within
the coding region of the Drosophila ortholog of ergic-
53, but is deleted for the ergic-53 coding region, leading
us to suggest initially that rhea encodes ergic-53. How-
ever, recombinational analysis placed rhea1 0.08 map
units (25–50 kb) from the l(3)S1760 P element. The gene
adjacent to ergic-53 was revealed to be talin by the
genome sequence (see Figure 1; Adams et al., 2000). We
then found that talin protein is reduced in rhea mutant
embryos and imaginal disc clones and that talin mRNA
is absent in rhea79a (see below).
To confirm that rhea is the talin gene, we sequenced Figure 2. Talin mRNA and Protein Expression in the Embryo
the talin-coding region from rhea1 and rhea2. For each Wild-type embryos were stained for mRNA by in situ hybridization
allele we found a small deletion that produces a (A–D) and for protein with anti-talin antibodies ([F–H]; immunofluo-
frameshift in the talin-coding sequence (see Experimen- rescent confocal images have been inverted). Anterior is to the left
in these and all subsequent figures. Lateral views of stage 6 (A andtal Procedures). For rhea1 the frameshift occurs after
F) and stage 12 (B and G) embryos; (A) was stained longer than (B),amino acid 1139, and the new reading frame terminates
to detect lower levels of mRNA.after two amino acids in the wrong frame. For rhea2 the
(C, C, H, and H) Two focal planes are shown for each stage 16
frameshift occurs after amino acid 1279 and terminates embryo, showing central (C and H) and ventral (C and H) optical
after 31 out of frame amino acids (Figure 1B). Inverse sections.
PCR was used to identify the proximal insertion site of (D) Close-up of muscle attachment site staining in stage 15 embryo.
Arrows show one of the indirect muscle attachment sites in (D) andthe P element in rhea79a, which was found to be 1931 bp
in (H)–(J).downstream of talin, showing that the rhea79a deficiency
(E) rhea79/rhea79 mutant embryos lack talin mRNA; in this case, adeletes three genes, ergic-53, talin, and CG6638 (Figure
dorsal view of a stage 16 embryo.
1A). Each rhea allele has an aberration in the talin coding (I and J) Loss of talin staining in rhea2 mutant embryos. The mono-
sequence. A mutant deficient for Ergic53 complements clonal J18 was used to control for successful antibody penetration.
rhea1, rhea2, and rhea17. So, we conclude that rhea en- This antibody labels the Engrailed-expressing ventral unpaired me-
dian neurons of the ventral nerve cord (arrowhead; A. Schuldt, T.codes talin.
Bossing, and A. Brand, personal communication), while other anti-
talin monoclonals or antisera do not. We infer that the J18 stainingTalin mRNA and Protein Have Distinct
in the nerve cord is caused by crossreaction with another protein.
Patterns of Expression The muscle attachment site staining (arrows) is strongly reduced in
The distributions of talin mRNA and protein during em- rhea2 mutant embryos, while the crossreacting antigen does not
change (compare [I] with [J]; both views are ventrolateral). The geno-bryogenesis surprisingly differ. In particular, high levels
type of the embryos was determined with a marked balancer (stain-of mRNA in the nerve cord did not correspond to high
ing not shown).protein levels (Figure 2). Early homogeneous staining
for talin mRNA (Figure 2A) is followed by prominent
expression in the ventral nerve cord (Figure 2B and 2C).
Lower levels of mRNA are more broadly distributed, to which antibodies were raised, (shown in Figure 1A)
and by finding that deletion of the talin gene (rhea79a)with enrichment in the gut and muscle attachment sites
detected at stage 16 (Figures 2C, 2C, and 2D, respec- eliminated staining (Figure 2E).
To examine the distribution of talin protein, we madetively). We showed this pattern to be specific for this
transcription unit by testing probes from four different polyclonal and monoclonal antibodies against the C ter-
minus of talin (see Experimental Procedures). Five ofparts of the transcript, including the C-terminal region
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Figure 3. Talin Localization and Function at
Intracellular Dense Plaques of Muscle Attach-
ment Sites
Ultrastructure of muscle-epidermal cell junc-
tions in wild-type (A, C, and E) and rhea (B,
D, F, and G) late stage 17 embryos.
(A) Muscle cells (m) are seen attached to epi-
dermal tendon cells (e) and directly to each
other in the wild-type.
(B) In rhea mutant embryos, muscle cells (m)
detached from epidermal cells (e) and each
other.
(C) In wild-type muscle-tendon cell junctions,
actin filaments terminate at the submembra-
nous density of the muscle hemiadherens
junctions (arrowhead), while, in the tendon
cells, microtubules (arrow) run from tonofi-
brils embedded in the cuticle (c) to the basal
hemiadherens junctions.
(D and F) In rhea mutant embryos, membrane
and cytoplasmic structures seen at normal
junctions are lacking, and actin filaments in
the muscle cell (D) and microtubules in the
epidermal cell (D and F) are disorganized.
(E). In wild-type, staining of talin with gold-
conjugated anti-mouse and anti-talin mono-
clonal antibodies shows clusters of staining,
adjacent to the membrane, in both epidermal
(e) and muscle (m) cells. Gold particles (ar-
rowheads) are usually associated with areas
of electron-dense submembranous material.
(G) Reduced talin staining (arrowheads) was
seen in rhea mutant embryos.
The scale bars are 2 m in (A) and (B) and
0.2 m in the other panels.
the monoclonal antibodies recognize different epitopes we used the anti-talin monoclonal antibody J18, which
crossreacts with a second antigen. In rhea1 or rhea2on Drosophila talin (data not shown). All but one of the
anti-talin antibodies produced indistinguishable pat- mutant embryos, there was a reduction of talin at muscle
attachment sites, while the crossreacting staining in theterns of staining on fixed embryos (data not shown).
The one exception is a monoclonal antibody, J18, that nervous system was not altered (Figures 2I and 2J; data
not shown for rhea1). This was confirmed by IEM, whichcrossreacts with an antigen expressed in three cells per
hemisegment within the central nervous system (Figures showed an8-fold reduction in gold particles at muscle
attachment sites of rhea1/rhea2 embryos (Figures 3E and2I and 2J).
Analysis of talin protein distribution during em- 3G). The residual protein in these mutants is maternal
product; it is absent in rhea mutant embryos lackingbryogenesis shows that it is maternally deposited and
is evenly distributed in the cytoplasm following cellulari- both maternal and zygotic contributions of talin (data
not shown). Thus, the antibodies are specific to thezation (Figure 2F). Talin becomes progressively concen-
trated at the membrane, first detected in the migrating product of the rhea gene, talin. The mutations rhea1 and
rhea2 cause substantial reduction, if not elimination, ofprimordial midgut cells (Figure 2G) and then at muscle
attachment sites, where the muscles and epidermal cells full-length talin protein.
are linked via integrins (Figures 2H and 2I, arrow indi-
cates one site). Talin protein shows only a hint of the Talin Is Recruited to the Membrane by Integrins
and Other Receptorsstrong pattern of mRNA expressed in the nervous sys-
tem (compare Figures 2B and 2C with 2G and 2H). Most sites of talin concentration at membranes corre-
spond to sites of integrin concentration, and colocaliza-Consistent with the low level of protein in the nervous
system, zygotic mutant rhea embryos do not have any tion of the two proteins was seen at the edge of the
epidermis, during dorsal closure, and at muscle attach-defects in the structure of the nervous system, as as-
sayed with glial and neuronal cell markers (data not ments (Figures 4A–4D). We did not observe any PS integ-
rin staining lacking colocalized talin. However, talin wasshown). We examined the subcellular distribution of talin
at the muscle attachment sites by immunoelectron mi- concentrated at the membrane of some cells lacking
integrin. This is clearest in the gonadal mesoderm (Fig-croscopy (IEM). Talin is found within submembranous
electron-dense material associated with the hemiadher- ure 4D, arrow), where recruitment of talin to the cortex
of the gonadal mesoderm cells occurs as the gonadens junctions at muscle attachment sites (Figure 3E).
We confirmed, by staining rhea mutant embryos, that condenses (Figures 4J–4M). To test whether recruitment
of talin to sites of integrin expression requires integrins,the antibodies only recognize rhea-encoded talin. To
have an internal control for successful antibody staining, we examined talin distribution in embryos lacking PS
Drosophila Talin
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Figure 4. Relationship between Integrin and Talin Localization in the Embryo
All panels are stained with anti-talin antibodies (green or white). Double labeling with anti-PS integrin antibody (red) shows colocalization
with talin during dorsal closure ([A] and [B], dorsal view of stage 15 embryo, [B] is an enlargement of [A]) and at muscle attachments (C and
D), but not in the gonadal mesoderm (indicated by the arrow in [D]).
(E–I) Talin localization to the membrane is integrin dependent at muscle attachments, but not in the gonad (arrows). Embryos are stained for
talin (green), F-actin with phalloidin (red), and the epithelial marker fasciclin 3 (blue). Talin staining alone (white) is shown in (E)–(H) and (I).
(E and G) Wild-type embryos.
(F and H) Embryos lacking PS (mysXG43).
(I) Talin staining in an embryo lacking integrin in the mesoderm (if B4 lacking PS2), but retaining integrin in the epidermis; talin is only recruited
in the epidermal tendon cell.
(J–M) Recruitment of talin (white) to the gonadal mesoderm surrounding the germ cells (stained for vasa; red) occurs as the gonad condenses.
The scale bars are 10 m.
integrins. Embryos lacking the PS subunit showed a subunit, (D. Devenport and N.H.B., unpublished data).
This shows that recruitment of talin in the gonadal meso-loss of talin concentration at muscle attachment sites
(Figures 4E–4H). In embryos that lacked the mesoder- derm is not driven by integrins. An alternative candidate
would be layilin (Borowsky and Hynes, 1998), but nomally expressed PS2 integrin subunit, but that still con-
tained epidermal PS1 (PS1PS) integrin, talin was lost clear ortholog of this protein is encoded in the Drosoph-
ila genome.from muscle ends but still concentrated at the basal
ends of the attaching epidermal cells, the tendon cells
(Figure 4I). These results show that talin is recruited from Talin Is Required for Integrin Function
Three aspects of the talin mutant phenotype have beenthe cytoplasm by integrins in both cell layers of the
muscle attachment site. described (Prout et al., 1997). Clones of rhea/rhea cells
in the wing do not attach to the other cell layer of theThe absence of strong PS expression in the gonadal
mesoderm suggests that a different receptor than integ- wing, causing a wing blister. The two initial alleles and
two recently identified ones (rhea3 and rhea17) domi-rin recruited talin to the membrane in this tissue. Consis-
tent with this, removal of PS from the embryo did not nantly enhanced the wing blister phenotype of hypomor-
phic alleles of integrin genes (Prout et al., 1997 andalter talin enrichment in the gonadal mesoderm (Figure
4F), nor did removal of the other Drosophila  integrin data not shown). Finally, rhea mutant embryos had a
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detachment of the epidermis from the muscles, although
the muscles remain attached end to end. We also exam-
ined the embryonic phenotype of talin mutants by EM,
with particular attention to tendon cells. In wild-type,
tendon cells are spanned by microtubules that link basal
hemiadherens junctions to tonofibrils that insert into
the apical exoskeleton, thereby transferring the force of
muscle contraction to the exoskeleton. In rhea/rhea cells
(Figures 3B and 3D), microtubules extended from apical
tonofibrils toward the basal membrane, but mature basal
attachment sites failed to form. Structural features of
normal attachment sites, such as extensive folding of
basal membranes and linkage of microtubules to the
inner surface of basal membranes, are not generally
present in rhea tendon cells. Also, in these rhea mutant
tendon cells, microtubules are abnormally oriented, in
some cases running parallel, rather than perpendicular,
to the exoskeleton (Figure 3F). We also found that loss
of talin results in reduction of electron-dense material
from the cytoplasmic face of hemiadherens junctions at
muscle attachment sites (Figure 3D). This suggests that
talin and/or the proteins it recruits make a significant
contribution to this dense material.
These zygotic rhea mutant embryos still have some
maternally deposited talin. To analyze the phenotype
resulting from the complete absence of talin, we re-
moved the maternal contribution by generating germline
clones. Half of these rhea/rhea eggs receive a wild-
type paternal allele, and the zygotic expression of talin
rescued the absence of maternal talin in some, but not
all, embryos. The number of hatching embryos varied
from 33%–41%, rather than the expected 50% (de-
pending on the allelic combination, n  370 embryos
per cross). Viable fertile adults developed from hatched
embryos. Thus, maternal deposition of talin protein is
important, but not essential, for normal development.
Embryos lacking both maternal and zygotic talin had
a stronger phenotype than those lacking either maternal
or zygotic product, the most prominent features of which
are a failure in germband retraction and strong muscle
detachment (Figures 5A and 5B). This phenotype is very
similar to that of embryos lacking both maternal and
zygotic PS (Leptin et al., 1989; Roote and Zusman,
1995; Figure 5C). The similarities between the two phe-
notypes suggest that talin is essential for integrin func-
tion. Close examination of the muscle phenotype pro-
vides insight into the role of talin in integrin-mediated
adhesion (Figures 5D and 5E). PS2 (PS2PS) integrin
localized normally, demonstrating that integrins reached
the cell surface and localized to the ends of muscles in
Figure 5. Loss of Talin or Integrin Gives Similar Phenotypethe absence of talin. In detached muscles, actin staining
Heterozygous siblings (A and D) and embryos lacking both maternalwas separate from PS2 integrin staining. This demon-
and zygotic contributions of talin ([B] and [E]; rhea2) or PS integrinstrates that integrin is able to bind to the ECM, since,
([C]; mysXG43) are stained for F-actin (red), the epithelial marker fas-if it could not, we would expect it to remain on the
ciclin 3 (blue), and the PS2 integrin (green, except for [C]). Bothsurface of the detached muscle. Thus, we see a separa-
mutants cause a failure in germ band retraction and muscle detach-
tion between integrins and actin, not between integrins ment. Lateral views of stage 16 embryos are shown. The PS2 integrin
and the ECM, suggesting that the primary role of talin is is still localized to the ends of the muscles in the absence of talin.
to link integrins to the cytoskeleton, and not to stimulate Close-up views in (D) and (E) show that, in the absence of talin,
F-actin has detached from the PS2 integrin in some of the musclestheir ligand binding. Talin does not appear to be required
(arrows). The scale bar in (D) is 10 m.for condensation of the gonad, since this occurs in some
(F and G) Loss of talin does not disrupt condensation of the gonad.mutant embryos (Figures 5F and 5G). Condensation
Heterozygous siblings (F) and talin mutant (G) embryos are staineddoes fail in some embryos (data not shown), but this
for the germ cell marker vasa (green; arrows show germ cells; yolk
could be a secondary effect caused by other morphoge- autofluorescence is also green), F-actin (red), and fasciclin 3 (blue).
netic defects. By examining different rhea alleles, we
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have confirmed that this represents the null talin pheno-
type. The phenotypes of mutant embryos from germline
clones of rhea1 and rhea2 are indistinguishable, as are
those of rhea79a, which deletes rhea and two flanking
genes (data not shown). Other data suggest, however,
that the rhea1 and rhea2 mutations are weak dominant
negatives. For example, producing rhea2/rhea79A em-
bryos from maternal germline clones of rhea2 caused
65% (n  153) failure of germ band retraction, while
those of the rhea79A deficiency caused only 48% (n 
164) failure.
Further insight into the role of talin was gained by
looking at talin and integrins in the imaginal disc epithe-
lia. Just prior to pupariation we find that talin and integ-
rins colocalize into focal adhesion-like structures at the
basal surface of the wing imaginal disc (Figure 6A). Mak-
ing clones of cells mutant for rhea results in loss of
the staining of these structures with the talin antibody
(Figure 6B). The clusters of talin also fail to form in clones
of cells lacking the PS integrin subunit (Figure 6C).
Clustering of integrins into these focal adhesion-like
structures requires talin function, as it does not occur
in clones of cells lacking talin (Figure 6D). So, clustering
of integrins requires talin, and clustering of talin requires
integrins. Loss of talin does not grossly impair the rate
of proliferation of the imaginal disc cells, as mutant
clones are of a similar size to the wild-type twin spots,
which have twice as much nls-GFP (Figure 6B). In addi-
tion, loss of talin did not alter overall levels of integrin
synthesis (Figure 6E). Combining these results with
those from the embryo suggests that talin’s role may
be to promote integrin clustering, which, in turn, allows
the establishment of a strong connection with the cy-
toskeleton.
We also tested the involvement of talin in the transmis-
sion of integrin signals regulating gene expression. In
Drosophila one signaling assay uses the enhancer trap
258, which is expressed in the midgut and fails to be
repressed in the absence of PS1 integrin (Martin-Ber-
mudo and Brown, 1999). We examined the expression
of this integrin target gene in the absence of talin. In
embryos lacking maternal and zygotic talin, midgut de-
velopment was too disrupted to assay 258 expression
(Figure 5G). In the absence of the zygotic talin, the mid-
Figure 6. Both Integrin and Talin Are Required for the Formation ofgut showed the characteristic phenotype of an integrin
Basal Focal Adhesionsmutation (Figure 7): the gastric caeca failed to split from
Each panel shows a late third instar wing imaginal disc; the scaletwo initial evaginations into four slender tubes, the mid-
bar in (B), 10 m, applies to all panels (except the inset in [A]).gut did not elongate into a slender tube, and the proven-
(A) Talin (red) and the PS subunit (green) colocalize in focal adhe-triculus did not form properly. Despite these morpholog- sion-like structures at the basal surface; the boxed region is en-
ical defects, the 258 gene was repressed. We obtained larged in the inset.
the same result in more than 30 mutant midguts. While (B) Clones of cells mutant for talin (rhea1), marked by the absence
of nuclear green fluorescent protein (nls-GFP), lack talin staining ofwe cannot rule out that the small amount of maternal
the basal focal adhesions.talin left is sufficient for integrin signaling, but not for
(C) Clones of cells lacking the PS subunit (mysXG43), marked by theintegrin adhesion, these results suggest that talin is not
absence of cytoplasmic GFP, also lack talin in focal adhesions.required for integrin signaling to the nucleus. (D and E) Clones of cells lacking talin lack integrin staining in focal
adhesions (D), although the overall level ofPS staining is not altered
(E). The Z section in (E) shows the two-layered imaginal disc, con-Discussion
sisting of the thin peripodial membrane (at the top) over the thicker
disc epithelium. The basal surface of the two-layered disc is aroundOur analyses contribute three main findings. (1) Talin is
the outside. Integrin (PS), red or white; nls-GFP, green. The pairsan essential core component of the integrin-mediated of panels shown in (B)–(D) are at different focal planes, because the
adhesion mechanism: equivalent phenotypes are caused nls-GFP, or the bulk of cytoplasmic GFP, is located in the middle
by absence of talin or the PS integrin subunit. (2) The of each cell, while the focal adhesions are basal. Consequently,
clone boundaries do not appear exactly coincident.key function of talin is to connect ECM-bound integrins
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et al., 2001). While talin and integrin mutants have essen-
tially indistinguishable phenotypes, ilk and shot mutants
have only a subset of these defects. Embryos lacking
ILK only have a muscle detachment phenotype, which
is milder and appeared later in development, as the
force of muscle contraction has increased, suggesting
that integrin-mediated adhesion is weakened, rather
than eliminated. Shot is essential for the attachment of
the tendon cell transcellular microtubules to the basal
integrin junctions but has no role in muscle cells, show-
ing that it contributes to integrin adhesion in some, but
not all, cells. Shot is also involved in integrin-indepen-
dent processes, especially in the nervous system. These
phenotypic differences between rhea, shot, and ilk em-
phasize the essential role of talin. In addition, talin is the
first protein we have found to require integrin function for
its localization at muscle attachment sites. Thus, we
envision integrins and talin in an interdependent core
complex, which uses ILK and Shot as accessory pro-
teins to make diverse connections with the cytoskeleton.
Distinguishing between the Possible
Roles of Talin
While talin was the first intracellular integrin binding pro-
tein to be identified, its significance was eclipsed by
the identification of many other proteins that share this
Figure 7. Loss of Talin Does Not Disrupt Integrin-Dependent Regu- feature (Liu et al., 2000). At least two other proteins
lation of Gene Expression share with talin the ability to bind directly to integrin
Each panel shows a dissected midgut from heterozygous siblings cytoplasmic domains and actin: -actinin and filamin.
(wild-type), embryos lacking the zygotic contribution of talin (talin, Our work reestablishes talin’s central role in the integrin-
rhea2), or the PS1 integrin (integrin, mew M6). The expression of the
cytoskeleton link. The potential functions of talin in in-integrin-dependent enhancer trap 258 was examined by staining for
tegrin-mediated processes has expanded beyond link-lacZ activity (blue). Loss of PS1 integrin causes elevated expression
ing integrins with the actin cytoskeleton, to includein the midgut (region marked by blue line) relative to that in the
gastric caeca. Repression of 258 occurs in wild-type and talin mu- transport of integrins to the cell surface and activation
tant midguts. of integrin binding to the ECM (inside-out activation).
Our results suggest these other roles may not be as
universal.
Talin is not required for assembly and transport ofto the actin cytoskeleton, and it is not required for the
integrin heterodimers to the cell surface in the embry-preceding localization of integrins to the cell surface or
onic muscles. A defect in this process is easily observedbinding to the ECM. (3) Integrin signaling to modulate
in the muscles, as we have previously shown (Martin-gene expression required little, if any, talin function,
Bermudo et al., 1997). In the absence of the only suggesting that integrin connection to the cytoskeleton
subunit expressed in the muscles, PS2, the PS sub-is not obligatory for signaling.
unit was observed in a perinuclear pattern, consistent
with retention in the endoplasmic reticulum. This con-
trasts with the data reported here, where, in the absenceCore Versus Accessory Roles of Integrin-
Associated Proteins of talin, PS2 integrin localized to the muscle ends. Thus,
a role for talin in integrin synthesis appears to be specificThe rhea gene is the third “wing blister” gene found to
encode an adaptor protein that mediates attachment of to certain kinds of cells.
We also infer from our results that talin is not essentialECM-integrin complexes to the actin cytoskeleton. The
other two are short stop (shot, previously known as for the adhesion of integrins to the ECM. Overexpression
of the talin head stimulates inside-out signaling (Cal-kakapo) and integrin linked kinase (ilk). The shot gene
encodes a protein related to spectrin, dystrophin, bul- derwood et al., 1999), suggesting that talin might be
required for inside-out activation of integrins. However,lous pemphagoid antigen 1, and plectin that has both
actin and microtubule binding regions (Fuchs and Ka- absence of talin caused a break in the integrin-mediated
adhesion mechanism between the integrin cytoplasmicrakesisoglou, 2001). ILK has an ankryin repeat domain
and a kinase-like domain, and, based on its subcellular tails and the actin cytoskeleton, not between integrins
and the ECM. This suggests that either talin was notlocalization, phenotype, and binding partners, it also
plays a role in the link between integrins and the cy- required for inside-out activation, because another pro-
tein substituted for this function, or inside-out activationtoskeleton (Wu and Dedhar, 2001). However, the embry-
onic phenotypes of mutations in these three genes differ is not required for PS2 integrin adhesion to the tendon
matrix. While constitutive activation of the PS2 integrinsignificantly (Gregory and Brown, 1998; Prokop et al.,
1998; Strumpf and Volk, 1998; Lee et al., 2000; Zervas caused too much muscle attachment (Martin-Bermudo
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et al., 1998), we do not know whether a lack of inside- data). The conservation of mechanism even extends into
the synthesis of the components. In wings, expression ofout activation causes a defect in muscle adhesion.
We identified a role for talin in the aggregation of the Drosophila serum response factor (DSRF) is required
for the formation of integrin-mediated attachment be-integrins into focal adhesion-like structures on the basal
surface of the wing disc epithelia. We envision the tween the wing surfaces (Montagne et al., 1996). In
mouse, SRF is essential for talin and zyxin expressionligand-bound integrins being contracted into the fo-
cal adhesion-like structures by talin, either directly or and is required for normal cell adhesion (Schratt et al.,
2002). Thus, further work on the role of talin in Drosophilathrough an interaction with the cytoskeleton. It is possi-
ble that talin is performing a similar role at the ends should provide general insight into the role of this impor-
tant cytoskeletal molecule.of muscles, but we are unable to observe the loss of
aggregation due to talin-independent concentration of
integrins to muscle termini. This is the first time focal Experimental Procedures
adhesion structures containing integrins have been re-
Geneticsported in the fly, but their function is not clear. Clones
rhea1 and rhea2 are X-ray-induced alleles (Prout et al., 1997). Theof cells lacking integrins or talin do not perturb the mor-
EMS allele rhea17 was isolated as a dominant enhancer of mysnj49
phology of the disc or the proliferation of the cells in by M. Diamond. Mobilizing the P element l(3)S1760 produced
any obvious way (Figure 6 and our unpublished data). Df(3)rhea79a. All four alleles were recombined onto FRT2A, and germ
line clones generated by heat shocking the progeny of the crossPrevious analysis of integrin mutant clones has shown
between rhea FRT2A/TM3 virgin females and y w hsFLP/Y; ovoDthat the first phenotype observed during wing develop-
FRT2A/TM3 males. The X-ray allele, rhea3, was recently discoveredment is during the reapposition of the two surfaces of
to be a dominant enhancer of a weak inflated (PS2) mutation (A.L.the wing during pupal development, when the mutant
Knox and N.H.B., unpublished data). The mutations in rhea1 and
cells fail to reattach (Brabant et al., 1996). An identical rhea2 were identified by PCR amplification of segments of the talin
phenotype is seen in talin mutant clones (D. Fristrom, gene from adult rhea heterozygotes and direct sequencing (Cam-
bridge Biochemistry Department facility) and confirmed by subclon-personal communication).
ing reamplified fragments and sequencing individual clones. TheOur results suggest that talin is not required for integ-
rhea1 allele is a deletion of bases 4487–4503, counting the A of therin-mediated signaling to regulate gene expression. The
ATG as nucleotide 1. In the rhea2 allele the five bases 4908–4912assay we have available in Drosophila requires develop-
have been replaced by the four bases CTAT. The genomic sequence
ment of different regions of the midgut, which fails in at the 5 end of the rhea79a P element was cloned by plasmid rescue.
the complete absence of talin. Removal of the zygotic The 3 end was determined by inverse PCR and sequencing. For in
situ hybridization of embryos, dioxigenin-labeled probes of genomictalin causes gut defects similar to those caused by integ-
DNA of the fragments shown in Figure 1 were made and used asrin  subunit mutations, indicating that residual maternal
described by Tautz and Pfeifle (1989).talin is not sufficient to mediate integrin adhesion. De-
spite this, integrin signaling is not impaired, suggesting
Talin Antibodiesthat signaling downstream occurs parallel to talin and
Antibodies to talin were produced with a fusion of the COOH-termi-that the clustering of integrins associated with signaling
nal 534 amino acids to glutathione-S-transferase in the vector pGEX-
is not mediated by talin. Before we can be completely 2T. The soluble protein was purified on glutathione agarose, eluted
confident that talin has no role in signaling, we require with 100 mM sodium carbonate (pH 10), and neutralized with acetic
acid. This protein was used to immunize rabbits (Eurogentec) andan assay suitable for embryos that completely lack talin.
mice. Monoclonal antibodies were produced as described by WhiteIn summary, our data demonstrate that talin has a
and Wilcox (1984). Monoclonal supernatants were screened byspecific role in linking integrins to the cytoskeleton. Two
Western blot and by staining fixed embryos. Six positives weremodels for talin function are consistent with the data
cloned by limiting dilution and, with one exception described in the
we have presented. (1) Talin aggregates integrins into results, showed identical patterns of staining of fixed embryos to
clusters that recruit other proteins required for the cy- each other and the rabbit antisera (data not shown). Alexa-conju-
gated secondary antibodies were from Molecular Probes. Embryostoskeletal link, and (2) talin directly links integrins to
were fixed and stained according to standard procedures. Stainingactin.
with phalloidin-rhodamine (Sigma) required devitellinization in 90%
ethanol. Images were collected with a confocal microscope
Conserved Mechanism of Integrin Adhesion (BioRad).
This work on Drosophila provides further confirmation
that basic mechanisms of integrin function are well con- Electron Microscopy
served between invertebrates and vertebrates (Brown Mutant (rhea1/rhea2) and wild-type stage 17 embryos and newly
hatched larvae were prepared for both routine transmission electronet al., 2000). In Drosophila, the structure of talin is highly
microscopy (TEM) and immunoelectron microscopy (IEM) by high-similar to the vertebrate protein, containing integrin, vin-
pressure rapid freezing and then by freeze substitution (McDonaldculin, and actin binding domains, indicating the pro-
et al., 2000). A marked balancer was used to select rhea homozy-found evolutionary maintenance of integrin-talin-depen-
gotes. For IEM, thin sections were mounted on nickel grids and
dent adhesive functions. We have evidence, mostly from stained in a 1:1:1 mixture of three different anti-talin monoclonal
our in vivo studies, of the conserved function of these antibodies and then by 20 nm gold conjugate goat anti-mouse IgG.
For analysis of IEM, micrographs from wild-type and rhea embryosdomains. For example, the binding of integins to talin
were printed at 28,000	 and visually inspected with a measuringis implied by the integrin-dependent recruitment of talin
magnifier with a P.S. No. 5 reticule (Ted Pella). Interpretation ofto the cell surface. In the absence of talin in muscles,
staining was based on measurement of size of particles, as well asactin is no longer colocalized with integrins, consistent
on density and circular contour. Cytoplasmic areas of epidermal
with the view that talin links actin to integrins. Finally, and muscle cells were determined with NIH Image (Version 1.61).
we have shown in blotting experiments that mammalian A total of 277 m2 in wild-type and 235 m2 in rhea embryos of
cytoplasmic area were analyzed.vinculin binds to Drosophila talin (L.I.F., unpublished
Developmental Cell
578
Acknowledgments (1986). Interaction of plasma membrane fibronectin receptor with
talin—a transmembrane linkage. Nature 320, 531–533.
We are grateful to J. Overton and V. Williams for technical assis- Isenberg, G., and Goldmann, W.H. (1998). Peptide-specific antibod-
tance, R.E. Nelson for mRNA preparation, and to M. Diamond for ies localize the major lipid binding sites of talin dimers to oppositely
the rhea17 allele. We thank members of our labs for many helpful arranged N-terminal 47 kDa subdomain. FEBS Lett. 426, 165–170.
discussions. J.W.F. is grateful to S. Amacher and J. Hallick for use of
Lee, S., Harris, K., Whitington, P.M., and Kolodziej, P.A. (2000). shortfacilities in their laboratory. This work was supported by a Wellcome
stop is allelic to kakapo, and encodes rod-like cytoskeletal-associ-Trust Senior Fellowship to N.H.B., an NSF grant to J.W.F., an NIH
ated proteins required for axon extension. J. Neurosci. 20, 1096–grant GM57689 to L.I.F., and a grant from the University of Puget
1108.Sound Enrichment Committee to W.L.R.
Leptin, M., Bogaert, T., Lehmann, R., and Wilcox, M. (1989). The
function of PS integrins during Drosophila embryogenesis. Cell 56,Received: June 7, 2002
401–408.Revised: August 8, 2002
Liu, S., Calderwood, D.A., and Ginsberg, M.H. (2000). Integrin cyto-
References plasmic domain-binding proteins. J. Cell Sci. 113, 3563–3571.
Martel, V., Vignoud, L., Dupe, S., Frachet, P., Block, M.R., and Al-
Adams, M.D., Celniker, S.E., Holt, R.A., Evans, C.A., Gocayne, J.D., biges-Rizo, C. (2000). Talin controls the exit of the integrin alpha 5
Amanatides, P.G., Scherer, S.E., Li, P.W., Hoskins, R.A., Galle, R.F., beta 1 from an early compartment of the secretory pathway. J. Cell
et al. (2000). The genome sequence of Drosophila melanogaster. Sci. 113, 1951–1961.
Science 287, 2185–2195.
Martin-Bermudo, M.D., and Brown, N.H. (1999). Uncoupling integrin
Albiges-Rizo, C., Frachet, P., and Block, M.R. (1995). Down regula-
adhesion and signalling: the PS cytoplasmic domain is sufficient totion of talin alters cell adhesion and the processing of the alpha 5
regulate gene expression in the Drosophila embryo. Genes Dev. 13,
beta 1 integrin. J. Cell Sci. 108, 3317–3329.
729–739.
Bass, M.D., Smith, B.J., Prigent, S.A., and Critchley, D.R. (1999).
Martin-Bermudo, M.D., Dunin-Borkowski, O.M., and Brown, N.H.Talin contains three similar vinculin-binding sites predicted to form
(1997). Specificity of PS integrin function during embryogenesis re-an amphipathic helix. Biochem. J. 341, 257–263.
sides in the  subunit extracellular domain. EMBO J. 16, 4184–4193.
Borowsky, M.L., and Hynes, R.O. (1998). Layilin, a novel talin-binding
Martin-Bermudo, M.D., Dunin-Borkowski, O.M., and Brown, N.H.transmembrane protein homologous with C-type lectins, is localized
(1998). Modulation of integrin activity is vital for morphogenesis. J.in membrane ruffles. J. Cell Biol. 143, 429–442.
Cell Biol. 141, 1073–1081.
Brabant, M.C., Fristrom, D., Bunch, T.A., and Brower, D.L. (1996).
McCann, R.O., and Craig, S.W. (1997). The I/LWEQ module: a con-Distinct spatial and temporal functions for PS integrins during Dro-
served sequence that signifies F-actin binding in functionally diversesophila wing morphogenesis. Development 122, 3307–3317.
proteins from yeast to mammals. Proc. Natl. Acad. Sci. USA 94,
Brown, N.H., Gregory, S.L., and Martin-Bermudo, M.D. (2000). Integ-
5679–5684.
rins as mediators of morphogenesis in Drosophila. Dev. Biol. 223,
McDonald, K., Sharp, D.J., and Rickoll, W.L. (2000). Preparation of1–16.
thin sections of Drosophila for examination by transmission electronBurridge, K., and Connell, L. (1983). A new protein of adhesion
microscopy. In Drosophila Protocols, W. Sullivan, M. Ashburner,plaques and ruffling membranes. J. Cell Biol. 97, 359–367.
and R.S. Hawley, eds. (Cold Spring Harbor, NY: Cold Spring Harbor
Calderwood, D.A., Zent, R., Grant, R., Rees, D.J., Hynes, R.O., and Laboratory Press), pp. 245–271.
Ginsberg, M.H. (1999). The Talin head domain binds to integrin beta
McLachlan, A.D., Stewart, M., Hynes, R.O., and Rees, D.J. (1994).subunit cytoplasmic tails and regulates integrin activation. J. Biol.
Analysis of repeated motifs in the talin rod. J. Mol. Biol. 235, 1278–Chem. 274, 28071–28074.
1290.
Chishti, A.H., Kim, A.C., Marfatia, S.M., Lutchman, M., Hanspal, M.,
Miyamoto, S., Akiyama, S.K., and Yamada, K.M. (1995). SynergisticJindal, H., Liu, S.C., Low, P.S., Rouleau, G.A., Mohandas, N., et al.
roles for receptor occupancy and aggregation in integrin transmem-(1998). The FERM domain: a unique module involved in the linkage
brane function. Science 267, 883–885.of cytoplasmic proteins to the membrane. Trends Biochem. Sci. 23,
281–282. Monkley, S.J., Pritchard, C.A., and Critchley, D.R. (2001). Analysis of
the mammalian talin2 gene TLN2. Biochem. Biophys. Res. Commun.Engqvist-Goldstein, A.E., Kessels, M.M., Chopra, V.S., Hayden,
286, 880–885.M.R., and Drubin, D.G. (1999). An actin-binding protein of the Sla2/
Huntingtin interacting protein 1 family is a novel component of Monkley, S.J., Zhou, X.H., Kinston, S.J., Giblett, S.M., Hemmings,
clathrin-coated pits and vesicles. J. Cell Biol. 147, 1503–1518. L., Priddle, H., Brown, J.E., Pritchard, C.A., Critchley, D.R., and
Fassler, R. (2000). Disruption of the talin gene arrests mouse devel-Fuchs, E., and Karakesisoglou, I. (2001). Bridging cytoskeletal inter-
opment at the gastrulation stage. Dev. Dyn. 219, 560–574.sections. Genes Dev. 15, 1–14.
Montagne, J., Groppe, J., Guillemin, K., Krasnow, M.A., Gehring,Goldmann, W.H., Bremer, A., Haner, M., Aebi, U., and Isenberg, G.
W.J., and Affolter, M. (1996). The Drosophila Serum Response Factor(1994). Native talin is a dumbbell-shaped homodimer when it inter-
gene is required for the formation of intervein tissue of the wing andacts with actin. J. Struct. Biol. 112, 3–10.
is allelic to blistered. Development 122, 2589–2597.Goldmann, W.H., Hess, D., and Isenberg, G. (1999). The effect of
intact talin and talin tail fragment on actin filament dynamics and Moulder, G.L., Huang, M.M., Waterston, R.H., and Barstead, R.J.
structure depends on pH and ionic strength. Eur. J. Biochem. 260, (1996). Talin requires beta-integrin, but not vinculin, for its assembly
439–445. into focal adhesion-like structures in the nematode Caenorhabditis
elegans. Mol. Biol. Cell 7, 1181–1193.Gregory, S.L., and Brown, N.H. (1998). kakapo, a gene required for
adhesion between and within cell layers in Drosophila, encodes a Niewohner, J., Weber, I., Maniak, M., Muller-Taubenberger, A., and
large cytoskeletal linker protein related to plectin and dystrophin. Gerisch, G. (1997). Talin-null cells of Dictyostelium are strongly de-
J. Cell Biol. 143, 1271–1282. fective in adhesion to particle and substrate surfaces and slightly
impaired in cytokinesis. J. Cell Biol. 138, 349–361.Hemmings, L., Rees, D.J., Ohanian, V., Bolton, S.J., Gilmore, A.P.,
Patel, B., Priddle, H., Trevithick, J.E., Hynes, R.O., and Critchley, Niggli, V., Kaufmann, S., Goldmann, W.H., Weber, T., and Isenberg,
D.R. (1996). Talin contains three actin-binding sites each of which G. (1994). Identification of functional domains in the cytoskeletal
is adjacent to a vinculin-binding site. J. Cell Sci. 109, 2715–2726. protein talin. Eur. J. Biochem. 224, 951–957.
Hogg, N., and Bates, P.A. (2000). Genetic analysis of integrin function Nuckolls, G.H., Romer, L.H., and Burridge, K. (1992). Microinjection
in man: LAD-1 and other syndromes. Matrix Biol. 19, 211–222. of antibodies against talin inhibits the spreading and migration of
fibroblasts. J. Cell Sci. 102, 753–762.Horwitz, A., Duggan, K., Buck, C., Beckerle, M.C., and Burridge, K.
Drosophila Talin
579
Patil, S., Jedsadayanmata, A., Wencel-Drake, J.D., Wang, W., Knez-
evic, I., and Lam, S.C. (1999). Identification of a talin-binding site in
the integrin beta(3) subunit distinct from the NPLY regulatory motif
of post-ligand binding functions. The talin n-terminal head domain
interacts with the membrane-proximal region of the beta(3) cyto-
plasmic tail. J. Biol. Chem. 274, 28575–28583.
Pearson, M.A., Reczek, D., Bretscher, A., and Karplus, P.A. (2000).
Structure of the ERM protein moesin reveals the FERM domain fold
masked by an extended actin binding tail domain. Cell 101, 259–270.
Priddle, H., Hemmings, L., Monkley, S., Woods, A., Patel, B., Sutton,
D., Dunn, G.A., Zicha, D., and Critchley, D.R. (1998). Disruption of the
talin gene compromises focal adhesion assembly in undifferentiated
but not differentiated embryonic stem cells. J. Cell Biol. 142, 1121–
1133.
Prokop, A., Uhler, J., Roote, J., and Bate, M. (1998). The kakapo
mutation affects terminal arborization and central dendritic sprout-
ing of Drosophila motorneurons. J. Cell Biol. 143, 1283–1294.
Prout, M., Damania, Z., Soong, J., Fristrom, D., and Fristrom, J.W.
(1997). Autosomal mutations affecting adhesion between wing sur-
faces in Drosophila melanogaster. Genetics 146, 275–285.
Rees, D.J., Ades, S.E., Singer, S.J., and Hynes, R.O. (1990). Se-
quence and domain structure of talin. Nature 347, 685–689.
Roote, C.E., and Zusman, S. (1995). Functions for PS integrins in
tissue adhesion, migration, and shape changes during early embry-
onic development in Drosophila. Dev. Biol. 169, 322–336.
Rubin, G.M., Hong, L., Brokstein, P., Evans-Holm, M., Frise, E., Sta-
pleton, M., and Harvey, D.A. (2000). A Drosophila complementary
DNA resource. Science 287, 2222–2224.
Schratt, G., Philippar, U., Berger, J., Schwarz, H., Heidenreich, O.,
and Nordheim, A. (2002). Serum response factor is crucial for actin
cytoskeletal organization and focal adhesion assembly in embryonic
stem cells. J. Cell Biol. 156, 737–750.
Sheppard, D. (2000). In vivo functions of integrins: lessons from null
mutations in mice. Matrix Biol. 19, 203–209.
Strumpf, D., and Volk, T. (1998). Kakapo, a novel cytoskeletal-asso-
ciated protein is essential for the restricted localization of the neu-
regulin-like factor, vein, at the muscle-tendon junction site. J. Cell
Biol. 143, 1259–1270.
Tautz, D., and Pfeifle, C. (1989). A non-radioactive in situ hybridiza-
tion method for the localization of specific RNAs in Drosophila em-
bryos reveals translational control of the segmentation gene hunch-
back. Chromosoma 98, 81–85.
Tsujioka, M., Machesky, L.M., Cole, S.L., Yahata, K., and Inouye, K.
(1999). A unique talin homologue with a villin headpiece-like domain
is required for multicellular morphogenesis in Dictyostelium. Curr.
Biol. 9, 389–392.
Walsh, E.P., and Brown, N.H. (1998). A screen to identify Drosophila
genes required for integrin mediated adhesion. Genetics 150,
791–805.
White, R.A., and Wilcox, M. (1984). Protein products of the bithorax
complex in Drosophila. Cell 39, 163–171.
Wu, C., and Dedhar, S. (2001). Integrin-linked kinase (ILK) and its
interactors: a new paradigm for the coupling of extracellular matrix
to actin cytoskeleton and signalling complexes. J. Cell Biol. 155,
505–510.
Yan, B., Calderwood, D.A., Yaspan, B., and Ginsberg, M.H. (2001).
Calpain cleavage promotes talin binding to the beta 3 integrin cyto-
plasmic domain. J. Biol. Chem. 276, 28164–28170.
Zervas, C.G., Gregory, S.L., and Brown, N.H. (2001). Drosophila
integrin-linked kinase is required at sites of integrin adhesion to
link the cytoskeleton to the plasma membrane. J. Cell Biol. 152,
1007–1018.
